is closely associated with a number of pathophysiologic processes. However, the role of miRNAs in chronic hypoxia-induced pulmonary vascular remodeling and PH has not been well characterized. In this study, we found increased expression of miR-21 in distal small arteries in the lungs of hypoxia-exposed mice. Putative miR-21 targets, including bone morphogenetic protein receptor (BMPR2), WWP1, SATB1, and YOD1, were downregulated in the lungs of hypoxia-exposed mice and in human pulmonary artery smooth muscle cells (PASMCs) overexpressing miR-21. We found that sequestration of miR-21, either before or after hypoxia exposure, diminished chronic hypoxia-induced PH and attenuated hypoxia-induced pulmonary vascular remodeling, likely through relieving the suppressed expression of miR-21 targets in the lungs of hypoxia-exposed mice. Overexpression of miR-21 enhanced, whereas downregulation of miR-21 diminished, the proliferation of human PASMCs in vitro and the expression of cell proliferation associated proteins, such as proliferating cell nuclear antigen, cyclin D1, and Bcl-xL. Our data suggest that miR-21 plays an important role in the pathogenesis of chronic hypoxia-induced pulmonary vascular remodeling and also suggest that miR-21 is a potential target for novel therapeutics to treat chronic hypoxia associated pulmonary diseases. pulmonary hypertension; micro-ribonucleic acid; smooth muscle cell CHRONIC HYPOXIA OCCUR FREQUENTLY in a number of pulmonary disorders, such as chronic obstructive pulmonary disease, obstructive sleep apnea, and diffuse interstitial fibrosis (42, 49, 54) . Persistent hypoxia causes vascular structural remodeling, leading to pulmonary hypertension (PH) that results in right ventricle (RV) hypertrophy and ultimately RV failure (42, 49, 54) . The response of PH due to vascular remodeling to current therapies is limited. Thus there is a pressing need to identify novel targets for developing more effective approaches to treat PH.
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Chronic hypoxia-induced vascular remodeling occurs in all three layers of the pulmonary small arterial wall (49) . In the adventitia, there is increased accumulation of pulmonary artery adventitial fibroblasts (PAAFbs) and excessive deposition of extracellular matrix (ECM) proteins (45, 46, 48, 50, 53) . In the media, hypertrophy and hyperplasia of pulmonary arterial smooth muscle cells (PASMCs) represent one of the major pathological features (32, 49) . Chronic hypoxia also induces endothelial cell proliferation that promotes intimal thickening (33) .
Many contributing molecular mechanisms have been identified in chronic hypoxia-induced vascular remodeling. Chronic hypoxia has dramatic impacts on transcriptome in the resident cells of the pulmonary vascular wall (49) . Upregulation of hypoxia inducible factor-1, a transcriptional factor that mediates responses to hypoxia in cells, is a characteristic finding in pulmonary vascular cells isolated during chronic hypoxia (15, 17) . Furthermore, elevated expression in a number of mitogenic and vasoconstrictive small molecules, cytokines and growth factors, including TGF-␤ 1 , FGF-2, PDGF-BB, endothelin-1, and serotonin, has been found in the lungs of animals with chronic hypoxia-induced PH (1, 5, 6, 11, 19, 23-25, 29, 31, 38, 49, 52) . These molecules act individually or synergistically to promote proliferation and resistance to apoptosis of PASMC, PAAFb, and PAEC, and trans-differentiation of PAAFb and PAEC, all of which are molecular signatures of the vascular remodeling process that accompanies chronic hypoxiainduced PH (1, 5, 6, 11, 19, 23-25, 29, 31, 38, 49, 52) . microRNAs (miRNAs) are 21-22 nucleotide (nt) noncoding small RNAs (2) . The expression of miRNAs is regulated by transcriptional factors in response to extracellular stimuli (22) . Aberrant expression of miRNAs is closely associated with pathophysiologic processes including diabetes, cancer, and cardiovascular disease (2, 8, 9) . However, the role of miRNAs in chronic hypoxia-induced pulmonary vascular remodeling and PH remains less defined (3, 7) .
In our previous studies (27) , we found elevated levels of miR-21 in the lungs of mice with experimental pulmonary fibrosis and in the lungs of patients with idiopathic pulmonary fibrosis. We found that miR-21 expression is upregulated in TGF-␤ 1 -treated lung fibroblasts. We also demonstrated that sequestering miR-21 in lungs diminishes pulmonary remodeling and fibrosis in response to bleomycin-induced lung injury (27) . Given that TGF-␤ 1 is a central mediator in chronic hypoxia-induced pulmonary vascular remodeling (5), we hypothesized that miR-21 may also play a role in this pathological process. In the present study, we found that miR-21 regulates pulmonary vascular remodeling in mice undergoing hypoxia and that sequestering miR-21 diminishes the progression of the remodeling process as well as vascular remodeling associated RV hypertrophy.
MATERIALS AND METHODS
Chronic normobaric hypoxic exposure. Mice were exposed to hypoxia (10% O2) in a normobaric chamber for 2-3 wk as previously described (5) . The ventricles were dissected free from the atria, and the RV was separated from the left ventricle and septum (LV ϩ S). RV hypertrophy was expressed as the weight ratio of RV to LV ϩ S and was used as an index of pulmonary hypertension. The animal In situ hybridization. In situ hybridization assays were performed as previously described (27) . Light blue cytoplasmic staining is positive.
Immunohistochemistry. Immunohistochemistry assays were performed as previously described (27) .
Evaluation of pulmonary arterial muscularization. Muscularization of pulmonary distal small arteries (30 -150 m in external diameter) was assessed using ␣-SMA-immunostained lung sections as previously described (5). Arterial muscularization was defined according to the degree of muscularization: muscularized arteries (␣-SMA positive in Ͼ70% of wall area); partially muscularized arteries (␣-SMA positive in between 30 -70% of wall area); and nonmuscularized vessels (␣-SMA positive in Ͻ30% of wall area) were distinguished and counted. Approximately 100 distal small arteries were evaluated for each slide. The ratio of distal small arteries with different degrees of muscularization to the total number of distal small arteries evaluated was calculated. Morphometric analysis was carried out by one examiner who was blinded with respect to the treatment assignment of the tissue samples examined.
Growth curve. Human PASMCs were transfected with 10 nM control mimics (Ambion), 10 nM miR-21 mimics (Ambion), 20 nM control inhibitors (Ambion), or 20 nM miR-21 inhibitors (Ambion) using HIPerFect transfection reagents (Qiagen) for 1 day. The cells were then trypsinized, and the cell number was counted. The cells were then plated at the same number into sixwell plate. Cell number at days 4-7 was counted, and growth curve was prepared.
Statistical analysis. One-way ANOVA followed by the HolmSidak or Tukey-Kramer test was performed for multiple group comparisons. The Student t-test was used for comparison between two groups. P Ͻ 0.05 was considered statistically significant.
RESULTS

miR-21 is upregulated in the lungs of mice in response to
hypoxia. To determine the role of miRNAs in the pathogenesis of chronic hypoxia-induced pulmonary vascular remodeling, we performed miRNA profiling on RNAs isolated from lungs of mice that were exposed to air or normobaric hypoxia (10% O 2 ), a well-characterized model of PH (43, 51) . A number of miRNAs, including miR-21, showed enhanced expression in the lungs of mice exposed to hypoxia, compared with those in the lungs of mice exposed to air (Table 1) .
We (27) previously found that miR-21 regulates pulmonary interstitial remodeling in response to bleomycin-induced lung injury. Therefore, we initially chose to characterize the role of miR-21 in chronic hypoxia-induced pulmonary vascular remodeling. To validate the data from the miRNA array assay, which showed upregulation of miR-21 in the lungs of hypoxiaexposed mice, we performed real-time PCR on the same set of samples that were used for the profiling assay. We found a modest, but consistent and significant, increase in miR-21 expression in the lungs of mice exposed to hypoxia (Fig. 1A) . However, the levels of miR-155, a miRNA that was previously shown to be induced in fibrotic lungs (39) , remained unchanged (Fig. 1B) . These data suggest that pulmonary interstitial remodeling and chronic hypoxia-induced pulmonary vascular remodeling are regulated via both common and distinct mechanisms. Although the increase in miR-21 expression, as revealed by real-time PCR using RNA isolated from whole lungs, was not striking, we reasoned that greater increases in specific compartments of the lungs, such as pulmonary distal arteries, might be concealed by the unaltered basal levels of miR-21 in other compartments of the lungs of hypoxia-exposed mice. To examine this hypothesis, we performed in situ hybridization assay for miR-21 and found that miR-21 expression was increased in the pulmonary distal arteries (30 -150 m in external diameter) of mice exposed to hypoxia (Fig. 1C) . The enhanced expression of miR-21 appeared to be primarily in the media and adventitia of the pulmonary distal arteries. Taken together, these data suggest that alterations in miR-21 expression may participate in the pathogenesis of chronic hypoxiainduced vascular remodeling. Sequestration of miR-21, either before or after hypoxia exposure, diminishes chronic hypoxia-induced PH. Given the increase in miR-21 expression in pulmonary small arteries of mice exposed to hypoxia, we next asked if blocking miR-21 in vivo is able to attenuate chronic hypoxia-induced PH. To answer this question, we designed and produced locked nucleic acid modified anti-miR-21 knockdown probes. Locked nucleic acid anti-miR probes bind to and form heteroduplexes with target miRNA, thereby sequestering and preventing the miRNA from binding to the 3= UTR of its target mRNAs (14) .
As shown in Fig. 2A and consistent with our previous study (27) , intratracheal delivary of anti-miR-21 probes completely sequestered endogenous miR-21, as demonstrated by retarded migration of the miR-21 band due to the greater molecular weight of the miR-21:anti-miR-21 duplexes. Next, we examined the effects on chronic hypoxia-induced PH of blocking miR-21 before hypoxic exposure. As shown in Fig. 2B , sequestration of miR-21 reduced the ratio of the RV weight to the combined weights of LV and septum (RV/LV ϩ S), a widely accepted and reliable index on the severity of RV hypertrophy and PH (26) .
To determine if sequestration of miR-21 has the therapeutic potential to treat chronic hypoxia-induced PH, we administered anti-miR-21 probes intratracheally 7 days after the initiation of hypoxic exposure and then determined the severity of PH at day 21 of hypoxia. We found that the anti-miR-21 probes significantly attenuated chronic hypoxia-induced PH. Specifically, RV/LV ϩ S in hypoxia-exposed mice that were given anti-miR-21 probes was decreased compared with that in hypoxia-exposed mice that were given control probes (Fig.  2C ). Another index of RV hypertrophy, the ratio of the RV weight to body weight, was reduced in hypoxia-exposed mice Fig. 1 . micro(mi)R-21 is upregulated in the lungs of mice in response to hypoxia. Mice were exposed to air or hypoxia (10% O2) for 2 wk (w). RNA from whole lungs was isolated and the levels of miR-21 (A) and miR-155 (B) in the lungs were determined by real-time PCR (n ϭ 5; means Ϯ SD). *P Ͻ 0.05. C: lungs from mice exposed to air or hypoxia were inflated and fixed with 10% formalin. Lung sections were prepared and were then blocked with hybridization solution for 4 h at room temperature, followed by incubation with digoxigenin (Dig)-conjugated miR-21 probes (Exiqon) or Dig-conjugated control probes with scrambled sequence (Exiqon) overnight. Sections were washed with 0.2ϫ SSC followed by incubation with horseradish-peroxidaseconjugated anti-Dig antibody (Roche) overnight at 4°C. After being washed 3 times with buffer B1, the sections were developed with NBT/BCIP (Roche) for 24 h, with light blue cytoplasmic staining being positive. Fig. 2 . Sequestration of miR-21, either before or after hypoxia exposure, diminishes chronic hypoxia-induced pulmonary hypertension (PH). A: mice were given intratracheally control probes or anti-miR-21 probes at 10 mg/kg 2 times separated by 1 day. At 1 day after the second administration of the probes, the mice were exposed to hypoxia for 3 wk. RNA from lungs was isolated and miR-21 levels determined by Northern blotting assay. B: mice were treated as in A or left untreated. Three weeks after hypoxia exposure, hearts were harvested and right ventricle (RV)/left ventricle and septum (LV ϩ S) determined (n ϭ 3 in day 0 group; n ϭ 7 in each of the 2 day 21 groups). C and D: mice were exposed to air or hypoxia for a week and then given intratracheally control (con) probes or anti-miR-21 probes at 10 mg/kg two times separated by 1 day. Three weeks after the hypoxia exposure, RV/LV ϩ S (C) and RV weight to body weight (RV/BW; D) were determined (n ϭ 4 in air groups; n ϭ 7 in hypoxia groups). Data are means Ϯ SE. ***P Ͻ 0.001, compared with air-con groups. ###P Ͻ 0.001, compared with the hypoxia-con group. that were given anti-miR-21 probes, compared with that found in hypoxia-exposed mice given control probes (Fig. 2D) .
Sequestration of miR-21 attenuates chronic hypoxia-induced pulmonary vascular remodeling. One of the pathological hallmarks for chronic hypoxia-induced pulmonary vascular remodeling is muscularization of pulmonary small distal arteries, caused by hyperplasia of PASMCs and/or trans-differentiation of PAAfbs and PAECs into smooth muscle cell-like cells (41, 49) . We performed immunohistochemistry for ␣-SMA, a marker of SMCs, to evaluate the muscularization of pulmonary small distal arteries. As shown in Fig. 3A , mice exposed to hypoxia for 2 wk demonstrated marked increase in muscularization of pulmonary small distal arteries (i.e., those arteries with external diameter of 30 -150 m). Furthermore, we found that muscularization of pulmonary small distal arteries was attenuated in hypoxia-exposed mice that were given antimiR-21 probes compared with hypoxia-exposed mice given control probes (Fig. 3B) . Specifically, the percentage of small arteries with Ͼ70% muscularization were significantly decreased, and the percentage of small arteries with Ͻ30% muscularization increased in hypoxia-exposed mice that were given anti-miR-21 probes, compared with hypoxia-exposed mice treated with control probes (Fig. 3C) . Next, we compared the levels of ␣-SMA in the lungs of mice that were exposed to air and hypoxia. As shown in Fig. 3D , ␣-SMA levels were increased in the lungs of hypoxia-exposed mice. However, the elevated levels of ␣-SMA were diminished in the lungs of hypoxia-exposed mice that were given anti-miR-21 probes, compared with mice that were given control probes (Fig. 3E) . Additionally, we determined the expression of an ECM protein, Fn, in the lungs of mice exposed to hypoxia and treated with anti-miR-21 or control probes. As shown in Fig. 3F , Fn expression was increased in the lungs of mice exposed to hypoxia. However, the enhanced expression of Fn was attenuated by miR-21 sequestration. Taken together, these data suggest that miR-21 participates in chronic hypoxia-induced pulmonary vascular remodeling and participates in enhancing the expression of ECM proteins and increasing the muscularization of pulmonary small distal arteries.
miR-21 sequestration attenuates suppression of miR-21 targets in the lungs of hypoxia-exposed mice. As shown in our initial experiments, miR-21 levels are increased in the lungs of hypoxia-exposed mice, suggesting that miR-21 may suppress expression of specific targets in the lungs of these mice. As shown in Fig. 4A , levels of putative miR-21 targets (30), including BMPR2, WWP1, SATB1, and YOD1, were decreased in the lungs of hypoxia-exposed mice, compared with air-exposed control mice. Transfection of miR-21 mimics into PASMCs also leads to a trend of reduced expression of BMPR2, SATB1, and YOD1 (Fig. 4B ). As it has been shown previously that reduced expression of BMPR2 contributes to chronic hypoxia-induced PH in mice (35, 36) , our data indicate that miR-21 targets may play a negative role in chronic hypoxia-induced pulmonary vascular remodeling.
The suppression in the expression of miR-21 targets showed a trend of attenuation in the lungs of hypoxia-exposed mice Fig. 3 . Sequestration of miR-21 attenuate chronic hypoxia-induced pulmonary vascular remodeling. A: mice were exposed to hypoxia for 0 and 2 wk. Lung sections were prepared and ␣-smooth muscle actin (␣-SMA) expression was assessed by immunohistochemistry (IHC) assays. B: Mice were exposed to air or hypoxia for a week and then given intratracheally control locked nucleic acid (LNA) probes or antimiR-21 probes at 10 mg/kg, once every other day for a total of 2 times. Three weeks after hypoxia exposure, lung sections were prepared and ␣-SMA expression was assessed by IHC assays. C: muscularization of small distal arteries in B was determined by an observer blinded to the experimental conditions. Percentages of small distal arteries with Ͼ70%, 30 -70%, Ͻ30% muscularization were calculated. Data are means Ϯ SE. **P Ͻ 0.01, ***P Ͻ 0.001, compared with con group. D: mice were exposed to hypoxia for 0 and 3 wk. Lung tissue extracts were prepared and ␣-SMA expression assessed by Western blotting. GAPDH was used as controls. E: experiments were performed as in B. Lung tissue extracts were prepared and ␣-SMA expression assessed by Western blotting. F: experiments were performed as in A (left) or in B (right). RNA from lungs was isolated and fibronectin (Fn) expression was determined by real-time PCR. Data are means Ϯ SD. **P Ͻ 0.01, compared with con group. *P Ͻ 0.05, compared with 0 wk. that were given anti-miR-21 probes (Fig. 4C) . Enhancing the expression of miR-21 targets may contribute to the beneficial effects of anti-miR-21 probes in attenuating chronic hypoxiainduced pulmonary vascular remodeling. Of note, levels of ET-1, Fn, ␣-SMA, and collagen I were increased in hypoxiaexposed lungs, consistent with previous studies (Fig. 4D) . Similar to ␣-SMA, Cald1, and SM22-␣ showed elevated levels in lungs of hypoxia-exposed mice (Fig. 4E) . Although ␣-SMA, Cald1, and SM22-␣ have been shown to have reduced expression in proliferative smooth muscle cells (12) , the increased levels of ␣-SMA, Cald1 and SM22-␣ in the whole lungs of hypoxia-exposed mice simply represent an increase in the absolute number of smooth muscle cells in the lungs. The enhanced expression of ET-1, Fn, ␣-SMA, Cald1, and SM22-␣ was diminished in the lungs of hypoxia-exposed mice that were given anti-miR-21 probes (Fig. 4, F and G) , consistent with attenuated pulmonary vascular remodeling in this group.
miR-21 regulates the proliferation of PASMCs in vitro.
Muscularization of pulmonary distal arterials is partially caused by hyperplasia of PASMCs. Because blocking miR-21 attenuates muscularization of pulmonary distal arteries in hypoxia-exposed mice, we examined if miR-21 regulates PASMC proliferation in vitro. As shown in Fig. 5A , transfection of miR-21 mimics significantly accelerated PASMC growth, compared with that present in PASMC transfected with control mimics. Furthermore, blocking endogenous miR-21 by transfecting anti-miR-21 probes decreased PASMC growth (Fig. 5B) . As expected, transfection of miR-21 mimics significantly increased, whereas transfection of anti-miR-21 decreased the levels of miR-21 in PASMCs (Fig. 5C) .
miR-21 regulates the expression of proteins involved in cell cycle, cell proliferation and apoptosis in PASMCs in vitro.
As shown in Fig. 5D , transfection of miR-21 mimics enhanced the expression of PCNA, a nuclear protein that participates in active cell proliferation (37) , and cyclin D1, which promotes G 1 -S phase transition (21) , in PASMCs. Transfection of miR-21 mimics also increased the expression of Bcl-xL (47), an anti-apoptotic protein, in PASMCs. These data suggest that Fig. 4 . miR-21 sequestration attenuates suppression of miR-21 targets in the lungs of hypoxia-exposed mice. A, D, and E: mice were exposed to hypoxia for 0 and 2 wk. RNA from lungs was isolated and the expression of bone morphogenetic protein receptor 2 (BMPR2), SATB1, WWP1, YOD1, endothelin-1 (ET-1), Col1A1, Fn, ␣-SMA, Cald1, CNN1, and SM22-␣ was determined by real-time PCR (n ϭ 5 in each group). Data are means Ϯ SD. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, compared with air group. B: human pulmonary artery smooth muscle cells (PASMCs) were transfected with 10 M control mimics or miR-21 mimics. Three days after transfection, RNA from cells was isolated and levels of BMPR2, SATB1, and WWP1 determined by real-time PCR. C, F, and G: mice were exposed to air or hypoxia for a week and then given intratracheally control LNA probes or anti-miR-21 probes at 10 mg/kg, once every other day for a total of 2 times. Three weeks after hypoxia exposure, RNA from lungs was isolated and the expression of BMPR2, SATB1, WWP1, YOD1, ET-1, Fn, ␣-SMA, Cald1, CNN1, and SM22-␣ was determined by real-time PCR (n ϭ 7 in each group). Data are means Ϯ SD. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, compared with con group. miR-21 can enhance proliferation and resistance to apoptosis in PASMCs, effects that may contribute to hyperplasia of PASMCs in vivo. As expected and in contrast to the effects of miR-21 mimics, anti-miR-21 decreased the expression of PCNA, cyclin D1, and Bcl-xL in PASMCs (Fig. 5E ).
DISCUSSION
Although miRNAs have been shown to regulate numerous physiological and pathological processes, the role of miRNAs in the pathogenesis of chronic hypoxia-induced pulmonary vascular remodeling and pulmonary hypertension has not been well characterized. Previously, Courboulin et al. (7) found that miR-204 is downregulated in PASMCs from patients with pulmonary arterial hypertension (PAH) and PASMCs from rats with monocrotaline (MCT)-induced PAH. They showed that reconstitution of miR-204 attenuated MCT-induced PAH in rats (7). Caruso et al. (3) performed miRNA profiling and found that a number of miRNAs demonstrated significantly altered expression in the lungs of rats that were exposed to hypoxia or were given MCT. These data suggested that miRNAs participate in the pathogenesis of PAH in both patients and rodent models.
In our previous study, we found that the expression of miR-21 is enhanced in the lungs of mice with bleomycininduced pulmonary fibrosis and in the lungs of patients with idiopathic pulmonary fibrosis (27) . Blocking miR-21 attenuated interstitial remodeling in the lungs, thereby diminishing experimental pulmonary fibrosis (27) . In the current study, we demonstrated that blocking miR-21 reduced chronic hypoxiainduced pulmonary vascular remodeling. Taken together, these data suggest that the remodeling processes in the lungs in response to bleomycin-induced injury and to chronic hypoxia may be regulated by common molecular mechanisms. Indeed, TGF-␤ 1 , one of the most important mediators in tissue regeneration and remodeling, is known to play important roles in both chronic hypoxia-induced pulmonary vascular remodeling and bleomycin-induced pulmonary interstitial remodeling (10, 20) . Furthermore, it has been shown that TGF-␤ 1 induces miR-21 expression in both lung fibroblasts and PASMCs in vitro (13, 27) . Although miR-21 is upregulated in the lungs of hypoxia-exposed mice, we found no enhanced expression of miR-21 in human PASMCs undergoing hypoxia in vitro (data not shown). These data suggest that the upregulated expression of miR-21 in hypoxia-exposed lungs is not caused by activation of hypoxia associated transcriptional factors, such as hypoxia inducible factor-1, but rather by mediators that are involved in chronic hypoxia-induced vascular remodeling, such as TGF-␤ 1 .
In the present experiments, we found modest increases in miR-21 levels in whole lungs of hypoxia-exposed mice. Caruso et. al. (3) previously found a slightly decreased miR-21 expression in the lungs of rat with MCT-induced PH and in the lungs of patients with PAH, the group I of the six groups of PH according . Three days after transfection, cell extracts were prepared and the levels of proliferating cell nuclear antigen (PCNA), cyclin D1, Bcl-xL, and control GAPDH determined by Western blotting. Lanes separated by a white line were from same gels after taking out unrelated experiments. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, compared with con group.
to the World Health Organization classifications. It needs to point out that although both the chronic hypoxia-induced PH model in mice and MCT-induced PH model in rats have been used to study pulmonary hypertensive process of human PAH, neither is perfect to recapitulate the molecular pathogenesis of PAH (51) . In addition, the mouse model of chronic hypoxia-induced PH and the rat model of MCT-induced PH also differ significantly in molecular mechanisms leading to PH (51) . Chronic hypoxia-induced PH in mice may represent a better model for the group III of human PH (pulmonary hypertension owing to lung diseases and/or hypoxia). Consistent with our findings, Pullamsetti et. al. (40) recently found that miR-21 is upregulated in the lungs of hypoxia-exposed mice. Despite modestly increased expression of miR-21 in the whole lungs of hypoxia-exposed mice, we demonstrated upregulation of miR-21 within the walls of pulmonary distal arteries. Furthermore, the enhanced expression of miR-21 appeared to be located in PASMCs and PAAFbs. Pulmonary distal arteries appear to be the primary sites of chronic hypoxia-induced pulmonary vascular remodeling (4). Thus our data suggest that elevated expression of miR-21, particularly in distal pulmonary arteries, contributes to the remodeling process that accompanies hypoxic PH, likely through regulating pathogenic activity of PASMCs and PAAFbs.
We found that sequestration of miR-21, either before or after hypoxia exposure, diminished chronic hypoxia-induced pulmonary vascular remodeling and PH-associated RV hypertrophy. Reduced pulmonary vascular remodeling and PH-associated RV hypertrophy in hypoxia-exposed mice with presequestered miR-21 indicate that miR-21 contributes to such a pathological progression. In addition, the findings that administering anti-miR-21 probes after hypoxia exposure attenuates the developing pulmonary vascular remodeling and RV hypertrophy suggest that blocking miR-21 may have therapeutic benefit in treating chronic hypoxia-induced pulmonary vascular remodeling and remodeling associated PH.
The present studies demonstrated that selected miR-21 targets, including BMPR2, WWP1, YOD1, and SATB1, were downregulated in the lungs of hypoxia-exposed mice. Among these targets, BMPR2 is known to have diminished expression in lungs exposed to hypoxia (35, 36) . Reduced expression of BMPR2 has been shown to promote pulmonary vascular remodeling by enhancing proliferation of PASMCs (35, 36) . WWP1, an E3 ubiquitin ligase, is not known to participate in tissue regeneration and remodeling. However, WWP1 was previously shown to be a negative regulator of TGF-␤ 1 signaling, presumably through targeting Smad4 for degradation (34) . The relationship among miR-21, WWP1, and TGF-␤ suggests a potential mechanism by which miR-21 promotes pulmonary vascular remodeling, a setting where TGF-␤ 1 has a crucial role. YOD1 is a deubiquitinating enzyme and SATB1 is a global chromatin organizer and transcription factor that participates in integrating higher order chromatin architecture (16, 18) . The exact role of YOD1 and SATB1 in chronic hypoxiainduced pulmonary vascular remodeling remains to be defined, although they may be involved in the regulation of the expression and/or degradation of important mediators in the remodeling process.
We found that miR-21 sequestration partially reverses the suppressed expression of miR-21 targets in hypoxia-exposed lungs. However, we must acknowledge that the de-repression of miR-21 targets is only modest. These data suggest that the beneficial effects of miR-21 sequestration found in hypoxiaexposed mice may result from the de-repression of multiple miR-21 targets that regulate vascular remodeling in the lungs. Our data are consistent with the notion that miRNAs function through not one but multiple targets in cells (2) .
In these experiments, overexpression of miR-21 enhanced, whereas knockdown of miR-21 diminished, the proliferation of PASMCs in vitro. These data are consistent with previous studies (44) investigating the role of miR-21 in chronic hypoxia-induced PASMC proliferation and also suggest that the muscularization of pulmonary distal small arteries observed in hypoxia-exposed mice may result from enhanced proliferation of PASMCs as a result of elevated miR-21 expression. The beneficial effects of anti-miR-21 probes in hypoxia-exposed animals may result from the diminished proliferation of PASMCs in pulmonary distal small arteries. It should be pointed out that there are no predicated binding sites for miR-21 within the 3=-UTR of PCNA, cyclin D1, or Bcl-xL, indicating that these genes are not the direct targets of miR-21 and that the change in their expression may be a result of altered proliferation following manipulation of miR-21 expression in the cells.
Our data suggest that miR-21 plays a role in the pathogenesis of chronic hypoxia-induced pulmonary vascular remodeling. Our results also suggest that miR-21 is a potential target for novel therapeutics to treat chronic hypoxia associated pulmonary diseases, including PH.
